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57 ABSTRACT

By utilizing the techniques of this invention, trans-1,4-
polybutadiene can be synthesized continuously to a high
level of conversion utilizing a low level of a highly active
cobalt-based catalyst system. The trans-1,4-polybutadiene
made with the cobalt-based catalyst system of this invention
also typically has a molecular weight which 1s acceptable for
use 1n tire applications without the need for employing a
molecular weight regulator. It 1s also not typically necessary
to utilize a gel inhibitor, such as carbon disulfide, in the
polymerizations of this mvention. Since a low level of
residual cobalt 1s present in the trans-1,4-polybutadiene
which 1s made utilizing the catalyst system of this invention,
it 1s much more stable than trans-1,4-polybutadiene made
with standard cobalt-based catalyst systems. This invention
specifically relates to a process for synthesizing trans-1,4-
polybutadiene by polymerizing 1,3-butadiene monomer in
the presence of a catalyst system which 1s comprised of
cobalt (III) acetylacetonate, an organoaluminum compound
and a para-alkyl-substituted phenol, wherein the cobalt (III)
acetylacetonate 1s mixed with the para-substituted phenol
prior to the polymerization. Such polymerizations can be
conducted on a batch or a continuous basis.

20 Claims, No Drawings
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SYNTHESIS OF TRANS-1,4-
POLYBUTADIENE

BACKGROUND OF THE INVENTION

By wvirtue of 1ts high level of crystallinity, trans-1,4-
polybutadiene (TPBD) is a thermoplastic resin. Because it
contains many double bonds 1 its polymeric backbone,

TPBD can be blended and cocured with rubber. TPBD 1s
similar to syndiotactic-1,2-polybutadiene 1 this respect.

Even though the trans-1,4-polybutadiene of this invention is
a thermoplastic resin, it becomes elastomeric when cured
alone or when cocured with one or more rubbers.

Good molecular weight control can normally be achieved
by utilizing an anionic polymerization system to produce
TPBD. There 1s typically an imnverse relationship between the
catalyst level utilized and the molecular weight attained
when anionic polymerization systems are used. Such an
anionic polymerization system 1s disclosed in U.S. Pat. No.
4,225,690. The catalyst system disclosed therein 1s based on
a dialkylmagnestum compound which i1s activated with a
potassium alkoxide. However, such catalyst systems have
not proven to be commercially successtul.

TPBD 1s normally prepared utilizing transition metal
catalysts or rare earth catalysts. The synthesis of TPBD with
fransition metal catalysts 1s described by J. Boor Jr.,
“Ziegler-Natta Catalysts and Polymerizations,” Academic
Press, New York, 1979, Chapters 5—6. The synthesis of
TPBD with rare earth catalysts 1s described by D. K.
Jenkins, Polymer, 26, 147 (1985). However, molecular
weight control 1s difficult to achieve with such transition
metal or rare earth catalysts and monomer conversions are
often very modest.

Japanese Patent Application No. 67187-19677 discloses a
catalyst system and technique for synthesizing TPBD con-
sisting of 75 to 80 percent trans-1,4-structure and 20 to 25
percent 1,2-structure. The catalyst system described by this
reference consists of a cobalt compound having a cobalt
organic acid salt or organic ligand, an organoaluminum
compound and phenol or naphthol. Gel formation 1s a
serious problem which 1s frequently encountered when this
three-component catalyst system 1s utilized in the synthesis
of TPBD. Gelation 1s a particularly serious problem 1n
continuous polymerizations. By utilizing the catalyst system
and techniques of this invention, TPBD can be synthesized
in a continuous process with only minimal amounts of gel
formation.

U.S. Pat. No. 5,089,574 1s based upon the finding that
carbon disulfide will act as a gel inhibitor 1n conjunction
with three component catalyst systems which contain an
organocobalt compound, an organoaluminum compound
and a para-alkyl-substituted phenol. U.S. Pat. No. 5,089,574
also 1ndicates that conversions can be substantially
improved by utilizing para-alkyl-substituted phenols which
contain from about 12 to about 26 carbon atoms and which
preferably contain from about 6 to about 20 carbon atoms.

U.S. Pat. No. 5,089,574 more specifically reveals a pro-
cess for synthesizing trans-1,4-polybutadiene 1in a continu-
ous process which comprises continuously charging 1,3-
butadiene monomer, an organocobalt compound, an
organoaluminum compound, a para-substituted phenol, car-
bon disulfide and an organic solvent 1nto a reaction zone;
allowing the 1,3-butadiene monomer to polymerize i said
reaction zone to form the trans-1,4-polybutadiene; and con-
tinuously withdrawing the trans-1,4-polybutadiene from
said reaction zone.

The techniques described 1 U.S. Pat. No. 5,089,574 are
very useful in improving conversions and reducing gel
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formation. However, 1ts teachings do not describe a tech-
nique for controlling the molecular weight of the TPBD
being synthesized. In many applications, 1t would be desir-
able for the TPBD produced to have a lower molecular
welght. There 1s, accordingly, a need to control the molecu-
lar weight of the TPBD produced with such Ziegler-Natta
catalyst systems.

U.S. Pat. No. 5,448,002 discloses that dialkyl sulfoxides,
diaryl sulfoxides and dialkaryl sulfoxides act as molecular
welght regulators when utilized 1n conjunction with cobalt-
based catalyst systems in the polymerization of 1,3-
butadiene monomer mto TPBD. U.S. Pat. No. 5,448,002
reports that the molecular weight of the TPBD produced
decreases with increasing levels of the dialkyl sulfoxide,
diaryl sulfoxide or dialkaryl sulfoxide present as a molecular
welght regulator.

U.S. Pat. No. 5,448,002 specifically discloses a process
for the synthesis of trans-1,4-polybutadiene which com-
prises polymerizing 1,3-butadiene monomer under solution
polymerization conditions in the presence of at least one
sulfoxide compound selected from the group consisting of
dialkyl sulfoxides, diaryl sulfoxides and dialkaryl sulfoxides
as a molecular weight regulator and in the presence of a
catalyst system which includes an organocobalt compound,
an organoaluminum compound and a para-alkyl-substituted
phenol.

The presence of residual cobalt in TPBD made with
cobalt-based catalyst systems 1s not desirable. This 1is
because the residual cobalt can lead to polymer 1nstability
during storage. This 1s a particular problem 1n cases where
the TPBD 1s stored 1n a “hot-house” prior to usage which 1s
a standard procedure mm many industries, such as the tire
industry. In any case, higher levels of residual cobalt 1n the
TPBD lead to worse problems with polymer 1nstability. For
this reason, it would be highly desirable to reduce the level
of cobalt needed 1n catalyst systems which are used 1n the
synthesis of TPBD. Reducing the level of cobalt needed 1is,
of course, also desirable from a cost standpoint since cobalt
compounds are relatively expensive.

Unfortunately, carbon disulfide 1s typically required as a
oecl-reducing agent in the synthesis of TPBD with cobalt-
based catalyst systems. This 1s particularly true in the case
of continuous polymerization systems. However, the pres-
ence of carbon disulfide 1n such systems reduces the level of
catalyst activity and generally makes 1t necessary to increase
the level of cobalt 1in the catalyst system. Thus, 1n cases
where carbon disulfide 1s required for gel control, the level
of cobalt needed 1s further increased.

SUMMARY OF THE INVENTION

By utilizing the techniques of this invention, trans-1,4-
polybutadiene having a ftrans-isomer content within the
range of about 82 percent to about 87 percent can be
synthesized continuously to a high level of conversion
utilizing a low level of a highly active cobalt-based catalyst
system. The trans-1,4-polybutadiene made with the cobalt-
based catalyst system of this invention also typically has a
molecular weight which 1s acceptable for use 1n tire appli-
cations without the need for employing a molecular weight
regulator. More specifically, the TPBD made utilizing the
catalyst system of this invention typically has a dilute
solution viscosity which 1s within the range of about 1.4 to

about 2.4.

It 1s not typically necessary to utilize a gel inhibitor, such
as carbon disulfide, 1n the polymerizations of this invention.
This 1s because the TPBD made with the catalyst system of
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this 1nvention produces an essenfially gel-free polymer
without the need for a gel inhibitor. Since a low level of
residual cobalt 1s present in the trans-1,4-polybutadiene
which 1s made utilizing the catalyst system of this invention,
it 1s much more stable than trans-1,4-polybutadiene made
with standard cobalt-based catalyst systems.

The present invention more specifically reveals a process
for synthesizing trans-1,4-polybutadiene by polymerizing
1,3-butadiene monomer in the presence of a catalyst system
which is comprised of cobalt (IIl) acetylacetonate, an orga-
noaluminum compound and a para-alkyl-substituted phenol,
wherein the cobalt (III) acetylacetonate is mixed with the
para-alkyl-substituted phenol prior to the polymerization.

The subject 1nvention also reveals a process for synthe-
sizing ftrans-1,4-polybutadiene in a continuous process
which comprises continuously charging 1,3-butadiene
monomer, cobalt (III) acetylacetonate, an organoaluminum
compound, a para-alkyl-substituted phenol and an organic
solvent into a reaction zone, wherein the cobalt (III) acety-
lacetonate 1s mixed with the para-alkyl-substituted phenol
prior to being charged 1nto the reaction zone; allowing the
1,3-butadiene monomer to polymerize 1n said reaction zone
to form the trans-1,4-polybutadiene; and continuously with-
drawing the trans-1,4-polybutadiene from said reaction
zone. In practicing the process of this invention, it 1s
preferred for the molar ratio of the para-substituted phenol
to the cobalt (IIT) acetylacetonate to be within the range of
about 12:1 to about 16:1 and for the molar ratio of the
organoaluminum compound to the cobalt (III) acetylaceto-
nate to be within the range of about 16:1 to about 24:1.

DETAILED DESCRIPTION OF THE
INVENTION

The polymerizations of the present invention will nor-
mally be carried out 1in a hydrocarbon solvent which can be
one or more aromatic, paraffinic or cycloparaffinic com-
pounds. These solvents will normally contain from 4 to 10
carbon atoms per molecule and will be liquids under the
conditions of the polymerization. Some representative
examples of suitable organic solvents include pentane,
1sooctane, cyclohexane, methylcyclohexane, 1sohexane,
n-heptane, n-octane, n-hexane, benzene, toluene, xylene,
cthylbenzene, diethylbenzene, isobutylbenzene, petroleum
cther, kerosene, petroleum spirits, petroleum naphtha, and
the like, alone or 1n admixture.

In the solution polymerizations of this invention, there
will normally be from 5 to 30 weight percent 1,3-butadiene
monomer 1n the polymerization medium. Such polymeriza-
fion media are, of course, comprised of the organic solvent
and 1,3-butadiene monomer. In most cases, it will be pre-
ferred for the polymerization medium to contain from 10 to
25 weight percent monomer. It 1s generally more preferred
for the polymerization medium to contain 15 to 20 weight
percent 1,3-butadiene monomer.

The microstructure of the TPBD varies with the monomer
concentration utilized in its synthesis. Lower monomer
concentrations in the polymerization medium result in
higher trans contents. As the concentration of 1,3-butadiene
monomer 1n the polymerization medium 1s increased, the
level of trans-1,4 structure decreases. For instance, at a
1,3-butadiene monomer concentration of 5 weight percent,
trans contents of about 84 percent are typical. In cases where
the polymerization medium contains about 30 weight per-
cent monomer, TPBD having a trans content of only about
68 percent 1s generally produced.

Such polymerizations can be carried out utilizing batch,
semi-continuous or continuous techniques. In a continuous
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process, additional 1,3-butadiene monomer, catalyst and
solvent are continuously added to the reaction zone (reaction
vessel). The polymerization temperature utilized will typi-
cally be within the range of about 20° C. to about 125° C,
It 1s normally preferred for the polymerization medium to be
maintained at a temperature which 1s within the range of
about 65° C. to about 95° C. throughout the polymerization.
It 1s typically most preferred for the polymerization tem-
perature to be within the range of about 70° C. to about 90°
C. The pressure used will normally be sufficient to maintain
a substantially liquid phase under the conditions of the
polymerization reaction.

The polymerization 1s conducted for a length of time
sufficient to permit substantially complete polymerization of
the 1,3-butadiene monomer. In other words, the polymer-
ization 1s normally carried out until high conversions are
realized. In a continuous two-reactor system, the residence
time 1n the first reactor will typically be from about 0.5 hours
to about 1 hour with the residence time 1n the second reactor
bemg about 1 hour to about 2 hours. In commercial
operations, conversions 1n excess ol about 80 percent will
normally be attained. The polymerization can then be ter-
minated using a standard procedure.

The organoaluminum compounds that can be uftilized
typically have the structural formula:

Ry

/

Al—R;

\

R3

in which R, 1s selected from the group consisting of alkyl
groups (including cycloalkyl), aryl groups, alkaryl groups,
arylalkyl groups, alkoxy groups and hydrogen; R, and R,
being selected from the group consisting of alkyl groups
(including cycloalkyl), aryl groups, alkaryl groups and ary-
lalkyl groups. Some representative examples of organoalu-
minum compounds that can be utilized are diethyl aluminum
hydride, di-n-propyl aluminum hydride, di-n-butyl alumi-
num hydride, dusobutyl aluminum hydride, diphenyl alu-
minum hydride, di-p-tolyl aluminum hydride, dibenzyl alu-
minum hydride, phenyl ethyl aluminum hydride, phenyl-n-
propyl aluminum hydnde, p-tolyl ethyl aluminum hydnde,
p-tolyl n-propyl aluminum hydride, p-tolyl 1sopropyl alumi-
num hydride, benzyl ethyl aluminum hydride, benzyl
n-propyl aluminum hydride, and benzyl 1sopropyl aluminum
hydride, diethylaluminum ethoxide, dusobutylaluminum
cthoxide, dipropylaluminum methoxide, trimethyl
aluminum, triethyl aluminum, tri-n-propyl aluminum, tri1so-
propyl aluminum, tri-n-butyl aluminum, triisobutyl
aluminum, tripentyl aluminum, trihexyl aluminum, tricyclo-
hexyl aluminum, trioctyl aluminum, triphenyl aluminum,
tri-p-tolyl aluminum, tribenzyl aluminum, ethyl diphenyl
aluminum, ethyl di-p-tolyl aluminum, ethyl dibenzyl
aluminum, diethyl phenyl aluminum, diethyl p-tolyl
aluminum, diethyl benzyl aluminum and other triorganoalu-
minum compounds. The preferred organoaluminum com-
pounds include ftriethyl aluminum (TEAL), tri-n-propyl
aluminum, triisobutyl aluminum (TIBAL), trihexyl alumi-
num and diisobutyl aluminum hydride (DIBA-H).

Halogens, such as fluorine, chlorine, bromine and 10dine,
and halogen containing compounds have been found to be
poisons and are detrimental to the polymerizations of this
invention. The polymerizations of this invention will
accordingly be conducted 1n the absence of significant
quantities of halogens and halogen containing compounds.

The para-alkyl-substituted phenols which can be utilized
ogenerally have the structural formula:
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OH

P
T

wherein R 1s an alkyl group which contains from about 6 to
about 20 carbon atoms. Such para-alkyl-substituted phenols
accordingly contain from about 12 to about 26 carbon atoms.
In most cases, the alkyl group 1n the para-alkyl-substituted
phenol will contain from about 8 to about 18 carbon atoms.
Such para-alkyl-substituted phenols contain from about 14
to about 24 carbon atoms. It 1s typically preferred for the
alkyl group 1n the para-alkyl-substituted phenol to contain
from about 9 to about 14 carbon atoms. Such para-alkyl-
substituted phenols contain from about 15 to about 20
carbon atoms. Exceptionally good results can be attained
utilizing para-alkyl-substituted phenols having alkyl groups
which contain 12 carbon atoms. These highly preferred
para-alkyl-substituted phenols contain 18 carbon atoms. The
polymerizations of this invention are initiated by charging,
the catalyst components into the polymerization medium.

The amount of cobalt (III) acetylacetonate utilized will
typically be within the range of about 0.020 phm to about
0.075 phm (parts per hundred parts of 1,3-butadiene
monomer). It is generally preferred for the cobalt (III)
acetylacetonate to be employed at a level which 1s within the
range of about 0.030 phm to about 0.065 phm. It 1s generally
more preferred for the cobalt (III) acetylacetonate to be
utilized 1n an amount within the range of about 0.045 phm
to about 0.055 phm. In order to attain the level of solubility
which is desired, it is important to utilize cobalt (III)
acetylacetonate.

The organoaluminum compound will be employed 1n an
amount sufficient to attain a molar ratio of the organoalu-
minum compound to the cobalt (III) acetylacetonate to be
within the range of about 10:1 to about 50:1. It 1s typically
preferred for the molar ratio of the organoaluminum com-
pound to the cobalt (III) acetylacetonate to be within the
range of about 12:1 to about 30:1. It 1s more preferred for the
ratio of the organoaluminum compound to the cobalt (III)
acetylacetonate to be within the range of about 16:1 to about
24:1.

It 1s critical in attaining the benelits of this mnvention for
a portion of the para-alkyl-substituted phenol to be “pre-
mixed” with the cobalt (III) acetylacetonate prior to charg-
ing 1t into the polymerization medium. Normally, at least
about 1 mole of the para-alkyl-substituted phenol will be
premixed per mole of the cobalt (III) acetylacetonate. It 1s
ogenerally preferred for the molar ratio of para-substituted
phenol to cobalt (III) acetylacetonate in the premix to be
within the range of 2:1 to 37:1 with molar ratios within the
range of 3:1 to 16:1 being most preferred. This can be
accomplished by simply mixing the para-alkyl-substituted
phenol with the cobalt (III) acetylacetonate prior to their
introduction 1nto the reaction zone. This will typically be
accomplished by mixing the phenol with the cobalt (III)
acetylacetonate 1n the presence of an organic solvent. This 1s
because the organic solvent will reduce the viscosity of the
mixture which makes 1t much easier to handle. Hexane 1s a
highly preferred organic solvent for this purpose. In most
cases, a suthicient amount of hexane will be added to make
a solution which contains from about 1 weight percent to
about 95 weight percent hexane, based upon the total weight
of the para-alkyl-substituted phenol/cobalt (III)
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acetylacetonate/hexane solution. It 1s generally preferred for
such solutions to contain from about 2 weight percent to
about 20 weight percent hexane with 1t being most preferred
for such solutions to contain from about 4 weight percent to
about 10 weight percent hexane.

It 1s also critical to “prereact” a portion of the para-alkyl-
substituted phenol with the organoaluminum compound
prior to charging it into the polymerization medium. The
balance of the para-alkyl-substituted phenol 1s prereacted
with the cobalt (III) acetylacetonate. In other words, the
portion of the para-substituted phenol which 1s not premixed
with the cobalt (III) acetylacetonate is prereacted with the
organoaluminum compound. The total molar ratio of para-
alkyl-substituted phenol to the organoaluminum compound

in the polymerization medium will be within the range of 2:1
to 3:1. It 1s preferred for a molar ratio of the para-alkyl-
substituted phenol to the organoaluminum compound to be
within the range of 2.3:1 to 2.8:1 with molar ratios within the
range of about 2.5:1 to 2.6:1 being most preferred.

The molar ratio of the para-alkyl-substituted phenol to the
cobalt (III) acetylacetonate will typically be within the range
of about 1:1 to about 37:1. It 1s generally preferred for the
molar ratio of the para-alkyl-substituted phenol to the cobalt
(III) acetylacetonate to be within the range of about 1:1 to
about 24:1. It 1s generally most preferred for the ratio of the
para-alkyl-substituted phenol to the cobalt (III) acetylaceto-
nate to be within the range of about 12:1 to about 16:1.

Carbon disulfide can be introduced into the polymeriza-
fion medium as a separate component in cases where 1t 1s
employed as a gel inhibitor or 1t can be premixed with the
monomer and solvent prior to 1nitiating the polymerization.
In such cases, the molar ratio of the carbon disulfide to the
cobalt will generally be within the range of about 0.05 to
about 1. In any case, the carbon disulfide can be added “in
situ” to the reaction zone by charging 1t separately from the
other components. However, as has been explained, 1n most
cases, 1t will not be necessary to add carbon disulfide to the
polymerization as a gel inhibitor. In other words, the poly-
merizations of this invention will typically be carried out in
the absence of carbon disulfide.

In the practice of this invention, 1t will not ordinarily be
necessary to utilize a molecular weight regulator. Thus, the
polymerizations of this invention will normally be con-
ducted in the absence of molecular weight regulators.
However, a dialkyl sulfoxide, a diaryl sulfoxide or a
dialkaryl sulfoxide can optionally be included 1n the poly-
merization medium as a molecular weight regulator. The
molecular weight of the TPBD produced naturally decreases
with 1ncreasing levels of the sulfoxide molecular weight
regulator present during the polymerization. In cases where
a molecular weight regulator 1s utilized, the molar ratio of
the sulfoxide molecular weight regulator to the cobalt com-
pound will normally be within the range of about 0.05:1 to
about 10:1.

The sulfoxides which can optionally be employed as
molecular weight regulators can be dialkyl sulfoxides, diaryl
sulfoxides or dialkaryl sulfoxides. These compounds have
the general structural formula:

O
|

Rl—S—R?2

wherein R' and R* can be the same or different and are
selected from alkyl groups, aryl groups and alkaryl groups.
R*' and R* generally contain from 1 to about 12 carbon
atoms. R* and R* will more typically contain from 1 to about
6 carbon atoms.
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Some representative examples of dialkyl sulfoxides
which can be used include dimethyl sulfoxide (DMSO),

diethyl sulfoxide, dipropyl sulfoxide and dibutyl sulfoxide.
Diphenyl sulfoxide 1s an example of a diaryl sulfoxide
which can be employed as the molecular weight regulator.
Some representative examples of dialkaryl sulfoxides which
can be utilized 1include di-3-phenylpropyl sulfoxide,
di-phenylmethyl sulfoxide and di-para-methylphenyl sul-
foxide.

In the TPBD produced by the process of this invention, at
least about 65 percent of the butadiene repeat units in the
polymer are of the trans-1,4-1someric structure. The TPBD
made utilizing the catalyst system of this invention typically
has a trans-isomer content of at least about 70 percent. In
most cases, the TPBD made by the process of this invention
will have a trans-1somer content which 1s within the range of
about 75 percent to about 87 percent.

The polymerizations of this mmvention result 1n the for-

mation of solutions containing the TPBD. Standard tech-
niques can be utilized to recover the TPBD from the solution
in which 1t 1s dissolved. Coagulation techniques will typi-
cally be employed to recover the TPBD from the organic
solvent. Such coagulation procedures typically involve the
addition of an alcohol or ketone to the TPBD solution to
induce coagulation. However, the TPBD can also be recov-
ered from the organic solvent by evaporation procedures,
such as steam-stripping. Such evaporation procedures typi-
cally involve heating the polymer solution to a slightly
clevated temperature 1n conjunction with the application of
vacuum.

The TPBD made utilizing the techniques of this invention
1s a thermoplastic resin. It can be molded into various useful
articles. Because the TPBD contains many double bonds 1n
its backbone, 1t can also be blended and cocured with
rubbers. Despite the fact that TPBD of this invention is a
thermoplastic resin, it becomes elastomeric when cured
alone or when cocured with one or more rubbers. TPBD has
the ability to strain crystallize which 1mproves properties,
such as tensile strength, tear strength and flex fatigue. It can
accordingly be used 1n manufacturing rubber articles such as
hoses, belts and tires which have improved performance
characteristics. By virtue of the fact that a low level of cobalt
1s present 1n the catalyst systems of this invention, the level
of residual cobalt 1n the TPBD made by the process of this
invention 1s greatly reduced. This significantly improves the
thermal stability of the TPBD.

This mvention 1s illustrated by the following examples
which are merely for the purpose of illustration and are not
to be regarded as limiting the scope of the invention or the
manner 1n which it can be practiced. Unless specifically
indicated otherwise, all parts and percentages are given by
welght.

EXAMPLES 1-20

In this series of experiments, TPBD was synthesized
utilizing the techniques of this invention. In the procedure
used, a cobalt catalyst solution was made by first adding,
cobalt (IIT) acetylacetonate (cobaltic acetylacetonate) to a
make-up vessel followed by the addition of p-dodecylphenol
(DP). The cobalt (III) acetylacetonate was obtained from
The Shepherd Chemical Company and the p-dodecylphenol
was obtained from Schenectady Chemicals. Then, about 30
percent of the hexanes was added and the make-up bottle
was placed on a shaker. Dissolution was complete within a

few minutes. Then, more hexanes was added to provide a
final concentration of 0.05M coballt.

Aluminum catalyst solutions were also made by mixing
tricthylaluminum with p-dodecylphenol 1n hexanes. Various
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ratios were used 1n the make-up, depending on the amount
of p-dodecylphenol used 1n making up the cobalt salt
solution.

Polymerizations were carried out by charging solutions
containing 14.5 percent 1,3-butadiene i1n hexanes into
4-ounce (118 ml) polymerization bottles followed by the
addition of the aluminum catalyst solution and the cobalt
catalyst solution. In this series of experiments, the molar
ratio of aluminum to cobalt was held constant at 24:1 and the
cobalt level was held constant at 0.054 phm. The molar ratio
of the p-dodecylphenol to the cobalt 1s reported in Table I.
It should be noted that p-dodecylphenol was not included 1n
the polymerizations of Examples 1-5.

During the polymerizations, the polymerization bottles
were rotated end-over-end 1n a water bath which was main-
tained at a temperature of 65° C. After the desired polymer-
1zation time, a shortstop solution was added to give 1.0 phm
of 2-propanol and 1.0 phm of an antioxidant. The TPBD was
then 1solated by air drying followed by drying 1n a vacuum
oven. The polymer yields and dilute solution viscosities of
the TPBD polymers made 1s reported in Table 1.

TABLE 1
Example DP:Co ratio Yield DSV (dl/g)
1 — 23% 2.88
2 — 52% 4.07
3 — 68 % 4.35
4 — 81% 4.59
5 — 97 % 4.75
6 3:1 34% 2.75
7 3:1 57% 3.23
8 3:1 68 % 3.30
9 3:1 79% 3.64
10 3:1 96% 3.62
11 14:1 32% 1.79
12 14:1 48% 1.98
13 14:1 59% 2.15
14 14:1 64 % 2.24
15 14:1 84% 2.34
16 37:1 32% 1.6
17 37:1 46% 1.77
18 37:1 51% 1.84
19 37:1 68 % 2.18
20 37:1 89% 2.32

COMPARATIVE EXAMPLES 21-25

In this series of experiments, the same procedure which
was utilized in Examples 1-20 was repeated except for the
fact that cobalt octanoate was substituted for the cobalt (I1I)
acetylacetonate. The results of this series of experiments 1s
reported 1n Table II.

TABLE 11
Example DP:Co ratio Yield DSV (dl/g)
21 — 31% 4.777
22 — 56% 5.80
23 — 72% 6.31
24 — 81% 6.52
25 — 05% 7.01

As can be seen by reviewing the data in Table II, the
molecular weights of TPBD synthesized in this series of
experiments was much higher than the molecular weights of
the TPBD made utilizing cobalt (III) acetylacetonate. This is
exemplified by the fact that the dilute solution viscosities of
the TPBD polymers made in this series of experiments 1s
much higher. This series of experiments accordingly shows
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the criticality of employing cobalt (III) acetylacetonate in
the catalyst system.

COMPARAITVE EXAMPLE 26

In this experiment, TPBD was synthesized utilizing a
catalyst system like the one employed in Examples 1-20
except for the fact that cobalt octanoate was substituted for
the cobalt (III) acetylacetonate and that the cobalt octanoate
was not premixed with the p-dodecylphenol. Additionally,
the level of cobalt octanoate was increased to 0.25 phm.
Thus, the level of cobalt employed was about 5 times higher
than the level of cobalt employed m Examples 1-20.

The polymer yield attained in this experiment was about
85 percent and the TPBD made was determined to have a
dilute solution viscosity of 2.32 dl/g. Thus, the TPBD made
in Example 20 had the same dilute solution viscosity as the
polymer made in this experiment. However, 1t was synthe-
sized using only about 22 percent as much cobalt in the
catalyst system. Nevertheless, the polymer yield attained in
Example 20, using the technique of this invention, was
higher than the yield realized in this comparative experi-
ment. Thus, this comparative experiment shows the enor-
mous benefit which can be realized by utilizing the tech-
nique of this invention in the synthesis of TPBD.

While certain representative embodiments and details
have been shown for the purpose of 1llustrating the present
invention, 1t will be apparent to those skilled 1n this art that
various changes and modifications can be made therein
without departing from the scope of the present invention.

What 1s claimed 1s:

1. A process for synthesizing trans-1,4-polybutadiene by
polymerizing 1,3-butadiene monomer in the presence of a
catalyst system which is comprised of cobalt (III)
acetylacetonate, an organoaluminum compound and a para-
alkyl-substituted phenol, wherein the cobalt (IIT) acetylac-
ctonate 1s mixed with a portion of the para-alkyl-substituted
phenol prior to the polymerization and wherein the orga-
noaluminum compound 1s mixed with the balance of the
para-alkyl-substituted phenol prior to the polymerization.

2. A process for synthesizing trans-1,4-polybutadiene 1n a
continuous process which comprises continuously charging
1,3-butadiene monomer, cobalt (III) acetylacetonate, an
organoaluminum compound, a para-alkyl-substituted phenol
and an organic solvent 1nto a reaction zone, wherein the
cobalt (III) acetylacetonate is mixed with a portion of the
para-substituted phenol prior to being charged into the
reaction zone; and wherein the organoaluminum compound
1s mixed with the balance of the para-alkyl-substituted
phenol prior to being charged 1nto the reaction zone, allow-
ing the 1,3-butadiene monomer to polymerize 1n said reac-
fion zone to form the trans-1,4-polybutadiene; and continu-
ously withdrawing the trans-1,4-polybutadiene from said
reaction zone.

3. A process as specified 1in claim 2 wherein the 1,3-
butadiene monomer in the reaction zone 1s at a concentration
which 1s within the range of about 5 percent to about 30
percent, based upon the total weight of the 1,3-butadiene
monomer and organic solvent in the reaction zone; and
wherein the temperature 1n the reaction zone 1s within the
range of about 20° C. to about 125° C.

4. A process as specilied 1n claim 3 wherein the molar
ratio of the organoaluminum compound to the cobalt (III)
acetylacetonate 1s within the range of about 10:1 to about
50:1.

5. A process as specified 1n claim 4 wherein the molar
ratio of the para-alkyl-substituted phenol to the cobalt (III)
acetylacetonate 1s within the range of about 1:1 to about

37:1.
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6. A process as specified 1 claim 5 wherein the orga-
noaluminum compound 1s selected from the group consist-
ing of diethyl aluminum hydride, di-n-propyl aluminum
hydride, di-n-butyl aluminum hydride, duisobutyl aluminum
hydride, diphenyl aluminum hydride, di-p-tolyl aluminum
hydride, dibenzyl aluminum hydride, phenyl ethyl alumi-
num hydride, phenyl-n-propyl aluminum hydride, p-tolyl
cthyl aluminum hydride, p-tolyl n-propyl aluminum
hydride, p-tolyl 1sopropyl aluminum hydride, benzyl ethyl
aluminum hydride, benzyl n-propyl aluminum hydride, ben-
zyl 1sopropyl aluminum hydride, diethylaluminum ethoxide,
diisobutylaluminum ethoxide, dipropylaluminum
methoxide, trimethyl aluminum, triethyl aluminum, tri-n-
propyl aluminum, trusopropyl aluminum, tri-n-butyl
aluminum, triusobutyl aluminum, tripentyl aluminum, tri-
hexyl aluminum, tricyclohexyl aluminum, trioctyl
aluminum, triphenyl aluminum, tri-p-tolyl aluminum,
tribenzyl aluminum, ethyl diphenyl aluminum, ethyl di-p-
tolyl aluminum, ethyl dibenzyl aluminum, diethyl phenyl
aluminum, diethyl p-tolyl aluminum and diethyl benzyl
aluminum.

7. A process as specifled 1n claim 6 wherein the para-
alkyl-substituted phenol has an alkyl group which contains
from about 6 to about 20 carbon atoms.

8. Aprocess as specified in claim 7 wherein the cobalt (I1T)
mcetylacetonate 1s present in an amount which 1s within the
range of about 0.020 phm to about 0.075 phm.

9. Aprocess as specified in claim 8 wherein the cobalt (111)
acetylacetonate 1s mixed with the para-substituted phenol
and an organic solvent prior to being charged into the
reaction zone.

10. A process as specified 1n claim 9 wherein the organic
solvent 1s hexane.

11. A process as specified 1n claim 10 wherein the cobalt
(IIT) acetylacetonate is mixed with the para-substituted phe-
nol and the hexane prior to being charged 1nto the reaction
zone 1n amounts which yields a solution containing from
about 1 weight percent to about 95 weight percent hexane,
based upon the total weight of the para-alkyl-substituted
phenol/cobalt (III) acetylacetonate/hexane solution.

12. A process as specified in claim 10 wherein the cobalt
(IIT) acetylacetonate is mixed with the para-substituted phe-
nol and the hexane prior to being charged into the reaction
zone 1n amounts which yields a solution containing from
about 2 weight percent to about 20 weight percent hexane,
based upon the total weight of the para-alkyl-substituted
phenol/cobalt (III) acetylacetonate/hexane solution.

13. A process as speciflied in claim 10 wherein the cobalt
(IIT) acetylacetonate is mixed with the para-substituted phe-
nol and the hexane prior to being charged 1nto the reaction
zone 1n amounts which yields a solution containing from
about 4 weight percent to about 10 weight percent hexane,
based upon the total weight of the para-alkyl-substituted
phenol/cobalt (III) acetylacetonate/hexane solution.

14. A process as specified 1n claim 2 wherein said process
1s carried out 1n the absence of carbon disulfide.

15. A process as specified 1n claim 9 wherein the molar
ratio of the organoaluminum compound to the cobalt (III)
acetylacetonate 1s within the range of about 12:1 to about
30:1; wherein the molar ratio of the para-alkyl-substituted
phenol to the cobalt (III) acetylacetonate 1s within the range
of about 6:1 to about 24:1; and wherein the cobalt (III)
acetylacetonate 1s present in an amount which 1s within the
range ol about 0.030 phm to about 0.065 phm.

16. A process as specilled in claim 15 wherein the
1,3-butadiene monomer 1s polymerized at a temperature
which is within the range of about 65° C. to about 95° C;
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wherein the 1,3-butadiene monomer 1n the reaction zone 1S
at a concentration which 1s within the range of about 10
percent to about 25 percent, based upon the total weight of
the 1,3-butadiene monomer and organic solvent i1n the
reaction zone; and wherein the organoaluminum compound
1s selected from the group consisting of triethyl aluminum,
tri-n-propyl aluminum, triisobutyl aluminum, trihexyl alu-
minum and duasobutyl aluminum hydnde.

17. A process as specified in claim 16 wherein the
para-alkyl-substituted phenol has an alkyl group which
contains from about 9 to about 14 carbon atoms.

18. A process as specified 1n claim 17 wherein the molar
ratio of the organoaluminum compound to the cobalt (III)
acetylacetonate 1s within the range of about 16:1 to about
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24:1; wherein the molar ratio of the para-alkyl-substituted
phenol to the cobalt (III) acetylacetonate is within the range
of about 12:1 to about 16:1; and wherein the cobalt (III)
acetylacetonate 1s present in an amount which 1s within the
range ol about 0.045 phm to about 0.055 phm.

19. A process as specilled in claim 18 wherein the
1,3-butadiene monomer 1n the reaction zone 1s at a concen-
tration which 1s within the range of about 15 percent to about
20 percent, based upon the total weight of the 1,3-butadiene
monomer and organic solvent 1n the reaction zone.

20. A process as specified mn claim 19 wherein the
para-alkyl-substituted phenol 1s para-dodecylphenol.
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